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An e x p l o r a t o r y ,  e x p e r i m e n t a l ,  a n d  t h e o r e t i c a l  i n v e s t i g a t i o n  was made o f  
t h e  s ta t ic  l o n g i t u d i n a l  a n d  l a t e ra l  a e r o d y n a m i c  c h a r a c t e r i s t i c s  o f  a cambered, 
tw i s t ed ,  and blended wing-body c o n f i g u r a t i o n  w i t h  a n d  w i t h o u t  i n t e g r a l  c a n a r d  
sur faces   which  were designed to  suppress l e a d i n g - e d g e   v o r t i c i t y .   T h i s   i n v e s t i -  
g a t i o n  was made i n  the  Langley  Uni ta ry  P lan  wind  tunnel  a t  Mach numbers of  1.5, 
1 .8, and 2.0 and a t  a Reynolds number per meter of 6.56 x 1 06. 
A t  t h e  low l i f t  c o e f f i c i e n t  (CL = 0.07) for which the wing camber s u r f a c e  
was designed,  both oi l - f low and vapor-screen photographs reveal  l i t t l e ,  i f  any ,  
u p p e r - s u r f a c e  v o r t e x  s e p a r a t i o n  i n  t h e  v e r y  h i g h l y  swept inboard  reg ions  of  the  
wing  with or wi thou t   t he   cana rds .  Data fo r   t he   con f igu ra t ion   w i thou t   cana rds  
show ev idence  o f  s ign i f i can t  amoun t s  o f  l ead ing -edge  th rus t  a t  l i f t  c o e f f i c i e n t s  
a t  or b e l w  t h e  e x p e r i m e n t a l  optimum l i f t  c o e f f i c i e n t .  Under t h e s e  l o w  l i f t  
condi t ions ,  any  suppress ion  of  vor tex  drag  by the  canard  is outweighed  e i ther  by 
t h e  wave and v i s c o u s  d r a g  c o n t r i b u t i o n  o f  t h a t  s u r f a c e  or by t h e  r e d u c t i o n  i n  
t h e  upwash which  gave rise to l ead ing -edge   t h rus t .  The o v e r a l l  r e s u l t s  s u g g e s t  
t h a t  p l a n f o r m  s e l e c t i o n  is ext remely  impor tan t  and  tha t  the  supplementa l  appli- 
c a t i o n  o f  new ca lcu la t ion  t echn iques  shou ld  p rov ide  a process f o r  t h e  d e s i g n  o f  
supe r son ic  wings  in  wh ich  spanwise  d i s t r ibu t ion  o f  upwash and leading-edge 
t h r u s t  m i g h t  b e  r a t i o n a l l y  c o n t r o l l e d  a n d  e x p l o i t e d .  
INTRODUCTION 
R e c e n t  i n t e r e s t  shown  by t h e  U.S. A i r  F o r c e  i n  s u p e r s o n i c  c r u i s e  f i g h t e r /  
at tack c o n c e p t s  ( r e f s .  1 and 2 )  h a s  r e s u l t e d  i n  a NASA program  aimed a t  provid- 
i n g  t h e  t e c h n o l o g y  b a s e  r e q u i r e d  f o r  t h e  d e s i g n  o f  s u c h  a i r c r a f t .  NASA e f f o r t s  
i n  t h i s  p r o g r a m  are r e p o r t e d  i n  r e f e r e n c e s  3 to  6 and cover  concepts  f rom cruise  
and  maneuver  des igns  in  the  lower supersonic  speed range to those  des igned  fo r  
e f f i c i e n t  h i g h - s p e e d  c r u i s e  a p p r o a c h i n g  a Mach number of  3.0. R e l a t e d  e f f o r t s  
o f  i n t e r e s t  are r e p o r t e d  i n  r e f e r e n c e s  7 to 1 0. 
The c u r r e n t  i n v e s t i g a t i o n  had s e v e r a l  o b j e c t i v e s .  The s p e c i f i c  p u r p o s e  was 
to provide  the  supersonic  concept -development  da ta  for  a cana rd - type  f igh te r /  
attack concept .   (See  ref .  1 .) A g e n e r a l   o b j e c t i v e  was to exp lo re   t he   supe r -  
sonic  aerodynamics of a blended wing-body planform which has regions of very 
high  inboard-leading-edge sweep. Especial ly   examined were t h e  e f f e c t s  o f  a "no- 
load"  canard on the  over-wing f l w  and  on o v e r a l l  c o n f i g u r a t i o n  e f f i c i e n c y .  The 
no-load canard was designed to suppress  the  deve lopment  of  the  s t rong  d iscre te  
v o r t i c e s  a s s o c i a t e d  w i t h  s u c h  r e g i o n s  o f  h i g h  sweep. I n t e r e s t  i n  s u c h  p l a n f o r m s  
d e r i v e s  f r o m  t h e i r  lower wing area (and  poss ib l e  lwer  wing weight)  for  a g iven  
span and l i f t i n g  l e n g t h .  B o t h  l i f t i n g  l e n g t h  and  span are important  to super-  
s o n i c  aerodynamic e f f i c i e n c y .  The concept,  which  has a des ign  Mach number 
of 1.8, f e a t u r e s  a d e f l e c t i n g  t w o - d i m e n s i o n a l  n o z z l e  i n t e g r a t e d  i n t o  i n b o a r d  
t r a i l i n g - e d g e  flaps. Th i s  f l ap  and  nozz le  combina t ion  shou ld  p rov ide  bo th  h igh  
l i f t  and  improved  low-speed l i f t - d r a g  ratios. The all-movable  canard,   which 
serves as the longitudinal control surface, is provided wi th  trailing-edge flaps 
to trim the high l i f t  system i n  the low-speed regime and, therefore, is a neces- 
sary part of the configuration. Thus the purpose, i n  part, of t h i s  investiga- 
tion was to make the canard a useful component beyond its control role i n  the 
supersonic regime. 
This  investigation was conducted i n  the Langley Unitary Plan  wind tunnel 
a t  Mach numbers of 1 .5, 1 .8, and 2.0 and a t  a Reynolds number per meter of 
6 . 5 6  x l o 6 .  Static longitudinal and la te ra l  aerodynamic characteristics are 
presented, and a qualitative assessment a t  Mach  number 1 . 8  of both the surface 
flow and the flow-field characteristics is provided by oil-flaw and vapor- 
screen photographs, respectively. A theoretical correlation is also given. 
SYMBOLS 
Force and moment data are referred to the body axis system except for 
l i f t  and drag which are referred to the stability axis system. The  moment 
reference center for the model is located a t  46.736 cm from the model  nose 













wing reference span, 61 .976 cm 
wing reference chord, 31.559 cm 
Axial force 
axial-force  coeff  icient , 
qs 
Drag 




balance-chamber drag coefficient , 
L i f t  
l i f t  coefficient, - 








cm, 0 p i t ch ing -manen t  coe f f i c i en t  a t  z e r o  l i f t  
Yawing moment 
qSb 
Cn yawing-moment c o e f f i c i e n t ,  
C"B 
cP 
d i r e c t i o n a l - s t a b i l i t y  parameter, per deg 
pressure c o e f f i c i e n t  
S i d e  f o r c e  
qs 
CY s i d e - f o r c e   c o e f f i c i e n t ,  
cyB 
s ide- force  parameter, per deg 
L/D l i f t - d r a g  r a t i o  
M f ree-stream Mach number 
q f ree-s t ream  dynamic  pressure,  Pa 
S wing r e fe rence  area, 1628 cm2 
X l o n g i t u d i n a l   s t a t i o n   m e a s u r e d  from  model  nose, cm 
a angle   of  at tack, deg 
B angle   o f  sideslip,  deg 
6 f  c a n a r d   f l a p   d e f l e c t i o n ,   p o s i t i v e  when t r a i l i n g   e d g e  is down, deg 
Model components: 
CC cambered  canard 
CF f 1 a t  canard  
W wing 
DESCRIPTION OF M3DEL 
Drawings are shown i n  f i g u r e  1 of the wind-tunnel model and o f  t he  cana rd  
f i g h t e r / a t t a c k  c o n f i g u r a t i o n  c o n c e p t  ( u n o f f i c i a l l y  d e s i g n a t e d  a t  Langley as 
SCIF-2): a photograph of  the model  in  the Langley Unitary Plan wind tunnel  is 
p resen ted  as f i g u r e  2. The modif ied arrow wing planform  has a cont inuous ly  
curved  leading  edge  out  to the  15-percent -semispan  s ta t ion  where  the  wing  in te r -  
sects the   canard ;   the   canard  is swept b a c k  60°.  From 15  percent   semispan to 
26 percent  semispan  ( the  reg ion  of  the  canard  root chord) ,  the  wing  is swept 
back 79.5O. A t  26 pe rcen t   s emispan ,   t he  wing l e a d i n g   e d g e   i n t e r s e c t s   t h e   c a n a r d  
t r a i l i n g  e d g e ;  f r o m  t h i s  p o i n t  to 46 percent  semispan ,  the  wing again has  a con- 
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t inuous ly   curved   lead ing   edge .  From  46 percent   semispan to t h e  t i p ,  t h e  wing is 
swept back 60°. A t  t h e  t i p ,  t h e  wing  has a s l i g h t  r a d i u s  on the   l ead ing   edge .  
The conf igura t ion  concept  on  which  the  model  was based ( re f .  1 )  had a 
des ign  Mach number of  1 .8 .  A t  t h a t  Mach number , t h e  wing  camber s u r f  ace was 
des igned  to  p rov ide  a l i f t  c o e f f i c i e n t  of 0.07. Th i s   va lue  is s u b s t a n t i a l l y  
less than cruise l i f t  c o e f f i c i e n t  o f  t h e  a i r p l a n e  c o n f i g u r a t i o n ,  and  one  which 
t ends  to avoid  extreme  camber  shape.  Thus,   the wing  camber s u r f a c e  is t h a t  
warped plane  which,   according to the  des ign  method of  re ferences  11 to 13,  
would produce the least  d r a g  f o r  t h a t  p l a n f o r m  a t  t h a t  d e s i g n  l i f t  c o e f f i c i e n t  
(CL = 0 .07) .  Unfo r tuna te ly ,  t h i s  method  does  not  account for t h e  real-flow ten-  
dency  toward t h e  roll-up of discrete v o r t i c e s  o v e r  v e r y  h i g h l y  s w e p t  s u r f a c e s  a t  
moderate  and  high l i f t .  The canard camber p l ane  was then  designed by t h e  Same 
method SO t h a t  t h e  c a n a r d  would t h e o r e t i c a l l y  h a v e  n o  l o a d  a t  the  des ign  l ift 
cond i t ion  of t h e  wing  camber plane.   Thus,   the   f low  t ra i l ing  back  f rom  the 
canard  a t  t h i s  c o n d i t i o n  would be e s s e n t i a l l y  t h a t  f l a w  to which t h e  wing was 
opt imized   in   tha t   reg ion ,   and   the   deve lopment  of d i s c r e t e  v o r t i c e s  Over t h e  
h i g h l y  swept p o r t i o n  of t h e  wing should  be suppressed .  
A range  of small d e f l e c t i o n s  o f  t h e  c a n a r d  f l a p  was examined to assess t h e  
s e n s i t i v i t y  o f  t h e  a e r o d y n a m i c s  o f  t h e  c o n f i g u r a t i o n  to changes in canard camber- 
plane  geometry  and to provide  concept-development  data.  A f l a t   c a n a r d   ( n o  cam- 
ber or twist) was t e s t e d  as well. N o  a t t empt  was made i n   t h e   c o n s t r u c t i o n   o f  
t h e  model to  s imula t e   t he   a l l -movab le   cana rd   con t ro l .  A minimum body was added 
t o  t h e  wing to house  the  ba l ance .  (See  f ig .  1 (b )  . ) 
The d a t a  f o r  t h e  camber  and t h i c k n e s s  d i s t r i b u t i o n s  o f  t h e  c o n f i g u r a t i o n  
wi thou t  t he  cana rds  are provided by tab le  I ( a )  which presents  the geometry 
i n p u t s   i n   t h e  format o f   r e f e r e n c e s  11 to 13 and  of   reference 1 4 .  Table  I (b)  pro- 
v i d e s ,  i n  t h e  same f o r m a t ,  t h e  t h i c k n e s s  o r d i n a t e s  o f  b o t h  t h e  f l a t  c a n a r d  and 
the  cambered  and  twisted  canard. The camber-plane  ordinates  of  the  cambered  and 
tw i s t ed  cana rd  are a l s o  g i v e n  i n  t a b l e  I (b)  . The por t ion  o f  t he  cana rd  su r faces  
d e s c r i b e d  i n  t a b l e  I ( b )  which would o v e r l a p  t h e  wing planform of t a b l e  I ( a )  is 
i n c l u d e d  f o r  l o f t i n g  p u r p o s e s  o n l y .  
TESTS AND INSTRUMENTATION 
T e s t s  were conducted  in  the  Langley  Uni ta ry  P lan  wind tunne l  a t  Mach 
numbers  of 1 . 5 ,  1.8 , and 2.0. The tests were conducted  under  the  following 
cond i t ions :  
number per meter 
1.5 
63.5 2.0 








Trans i t ion- inducing  s t r ips  of N o .  60 sand g r i t  were a p p l i e d  1.02 c m  behind 
t h e  l e a d i n g  e d g e s  o f  t h e  a i r f o i l  s u r f a c e s .  The g r i t  s i z e  was se l ec t ed   acco rd ing  
to  t h e  method i n  r e f e r e n c e  15  t o  i n s u r e  f u l l y  t u r b u l e n t  b o u n d a r y - l a y e r  f l a w  o v e r  
t h e  model.  Forces  and  mments  on  the  model were measured by  means of a s ix -  
canponent   s t ra in-gage  balance  contained  within  the  model .  The ba lance  was con- 
nected through a s u p p o r t i n g  s t i n g  to the  permanent  model -ac tua t ing  sys tem in  the  
wind  tunnel.   Balance-chamber  pressure was measured  throughout  he test program 
wi th  a p r e s s u r e  t r a n s d u c e r  l o c a t e d  i n  t h e  b a l a n c e  c a v i t y  and connected to a tube  
a t t a c h e d  t o  t h e   s t i n g .  Balance-chamber  drag  correct ions  (corrected to free- 
stream stat ic  p r e s s u r e )  were made to the  d rag   da t a .   Cor rec t ions  to model ang le  
o f  a t t ack  were made both  for  tunnel -a i r f low misa l ignment  and  for d e f l e c t i o n s  of 
the  s t i n g  and  balance  under load. Vapor-screen  and  oil-flow  photographs were 
t aken  a t  Mach number 1.8 a t  selected ang les  o f  at tack. 
PRESENTATION OF RESULTS 
The resu l t s  of the  i n v e s t i g a t i o n  a r e  p r e s e n t e d  i n  t a b l e  I1 and i n  t h e  f o l -  
lowing   f igures :  
F igu re  
Long i tud ina l   ae rodynamic   cha rac t e r i s t i c s  . . . . . . . . . . . . . . . . .  3 
Effec t  o n  l o n g i t u d i n a l  a e r o d y n a m i c  c h a r a c t e r i s t i c s  o f  
small v a r i a t i o n s  i n  f l a p  d e f l e c t i o n  of cambered 
canard  a t  M = 1.8 . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 
Oil - f law  photographs   o f   conf igura t ion  w i t h o u t  cana rds  a t  M = 1.8 . . . .  5 
Oil-f law photographs of  configurat ion with cambered canards 
a t  M = 1 . 8  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 
Oil-f  low photographs of c o n f i g u r a t i o n   w i t h   f l a t   c a n a r d s  a t  M = 1.8 . . .  7 
Vapor-screen photographs of  configurat ions without  canards 
a t  M = 1 . 8  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 
Vapor-screen photographs of configuration with cambered canards 
a t  M = 1 . 8  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9 
Vapor-screen  photographs  of  conf igura t ion  wi th  f la t  canard  
a t   M = 1 . 8  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10 
Canpar ison of canard-off and canard-on flaw fields and 
d rag  a t  M =  1 . 8 .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  11 
Lateral a e r o d y n a m i c   c h a r a c t e r i s t i c s  . . . . . . . . . . . . . . . . . . .  12 
5 
Figure  
Exper imenta l  and  theore t ica l  compar ison  of longi tudina l  aerodynamic  
c h a r a c t e r i s t i c s  o f   con f igu ra t ion  a t  M = 1.8 . . . . . . . . . . . . . . 13  
Compar ison  of  exper imenta l  and  theore t ica l  va lues  of  ax ia l - force  
coefficient for t h e   c o n f i g u r a t i o n   w i t h o u t   c a n a r d s  a t  M = 1.8 . . . . . 1 4  
DISCUSSION 
Exper imen ta l  Resu l t s  
L o n g i t u d i n a l  a e r o d y n a m i c  c h a r a c t e r i s t i c s . -  I n  f i g u r e  3 ,  t h e  s t a t i c  l o n g i t u -  
d i n a l  a e r o d y n a m i c  c h a r a c t e r i s t i c s  of the model  without  canards are compared with 
t h o s e   f o r   t h e  model w i th   e i the r   t he   cambered  or t h e  f l a t  c a n a r d  s u r f a c e .  The 
c o n f i g u r a t i o n s  w i t h  e i t h e r  set  of canards  have a h i g h e r  l i f t i n g  area (and,  hence,  
greater l i f t - c u r v e  slope) t h a n   t h e   c o n f i g u r a t i o n   w i t h o u t   c a n a r d s .   I n   t h e  upwash 
f i e l d  o f  t h e  n o s e ,  t h e  f l a t  c a n a r d  p r o v i d e s  h i g h e r  l i f t  a n d ,  h e n c e ,  h i g h e r  z e r o -  
l i f t   p i t c h i n g  moment CmIo  than  the  cambered  (zero-load)  canard  which  produces, 
as it s h o u l d ,  t h e  same p l t c h i n g  moment a t  d e s i g n  l i f t  a s  t h e  c o n f i g u r a t i o n  w i t h -  
ou t   cana rds .  When t h e  small l ift i n c r e m e n t s   s e e n   i n   t a b l e s   I I ( b )   a n d  II(c) ( b u t  
n o t  d i s c e r n i b l e  i n  f i g .  3 )  are m u l t i p l i e d  by t h e  c a n a r d  moment arm, they  do  pro- 
vide  the  pitching-moment  increments  observed  in  comparing  the  data  in  f igure 3 
f o r  t h e  f l a t  c a n a r d  w i t h  t h e  d a t a  f o r  t h e  c a m b e r e d  c a n a r d .  
The most o b v i o u s  c h a r a c t e r i s t i c  i n  f i g u r e  3 is a pi tch-up tendency a t  l i f t  
c o e f f i c i e n t s  i n  t h e  v i c i n i t y  of 0.25 to  0.35  for  a l l  tests. An i n s p e c t i o n   o f  
t h e  oil-flow photographs  of  f igures  5 ,  6, and 7 r evea l s  t ha t  s epa ra t ed  uppe r -  
s u r f  ace f low has  a l ready  begun in  the  angle-of -a t tack  range  of  the  p i tch  break  
(5O to 6O) . 
The d rag  polars show th roughou t  t he  tests t h a t  t h e  model  with the canards 
h a s   h i g h e r   d r a g   c o e f f i c i e n t s   e x c e p t   a t   t h e   h i g h e r   l i f t   c o e f f i c i e n t s .   ( S e e  
f i g s .  3 and 4 . )  The l e v e l  o f  maximum l i f t - d r a g  r a t i o  is higher   for   the   model  
wi thout   the   canard .  The  model  with  the  cambered  canard,  which was designed so 
t h a t  t h e  f l a w  t r a i l i n g  from it would be i d e n t i c a l  to the  f l aw  for which the 
wing was shaped ,  exh ib i t ed  be t t e r  pe r fo rmance  than  the  model w i t h  t h e  f l a t  
c a n a r d .   I n   f i g u r e  4 ,  which  shows t h e   e f f e c t  a t  M = 1.8  of  small v a r i a t i o n s  
i n  t h e  f l a p  d e f l e c t i o n  of the cambered canard,  l i t t l e  d i s t i n c t i o n  c a n  be made 
i n  t h e  d r a g  d a t a .  If anyth ing ,   someth ing   of   the   o rder   o f  l o  upward d e f l e c t i o n  
(6, = -1)  would  appear to  p r o v i d e  t h e  best aerodynamic  performance,  whereas  the 
more posi t ive v a l u e s   o f   z e r o - l i f t   p i t c h i n g  moment G,o provided by a f l a p  
d e f l e c t i o n  of Oo or 0.5O might very well prove  best for l o n g i t u d i n a l  trim a t  
s i g n i f i c a n t l y  h i g h e r  l e v e l s  of s t a b i l i t y  t h a n  shown. 
Review  of t h e  l o n g i t u d i n a l  d a t a  ( f i g s .  3 and 4 ) ,  i nc lud ing  the  o i l - f l aw  and  
vapor-screen  photographs of f i g u r e s  5 to  10, reveals as i n c o r r e c t  t h e  c o n t e n t i o n  
which, i n  par t ,  gave r ise  to t h i s   i n v e s t i g a t i o n :   t h e   c o n t e n t i o n   t h a t ,   i n   t h e  
v i c i n i t y  o f  d e s i g n  l i f t  (0.07), t h e  v o r t e x - s u p p r e s s i o n  e f f e c t  o f  a canard  would 
be r e q u i r e d  to p rec lude  vo r t ex  roll-up over the high-sweep port ion of  the wing 
l ead ing   edge .   Ce r t a in ly   t he   w ing   a lone  is r e v e a l e d  i n  t h e  o i l - f l a w  p h o t o g r a p h  
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5 to  m a i n t a i n  p o t e n t i a l  f l a w  o n  t h e  c r i t i c a l l y  s e n s i t i v e  u p p e r  s u r f a c e  
l i f t  (a = Oo). Cond i t ions  are v e r y  d i f f e r e n t  a t  h i g h  l i f t ,  however. 
compares a p o r t i o n  o f  t h e  f l a w  f i e l d s  a n d  t h e  a s s o c i a t e d  d r a g  d a t a  a t  
M = 1.8 for   the  canard  off   and  canard  on  (cambered  canard)  . The vapor-screen 
pho tographs ,  i n  con t r a s t  to previous such photographs,  were taken  f rom outs ide  
t h e  t e s t - s e c t i o n  window w i t h  t h e  f a n  o f  l i g h t  a t  model s t a t i o n  40.64 (well a f t  
of t h e  c a n a r d  s t a t i o n ) .  I m m e d i a t e l y  a p p a r e n t  are the  pa i r  o f  ve ry  s t rong  vo r -  
tices wi th  the  cana rd  o f f  a t  an angle   of  at tack of  12O. The cor responding  pho- 
tograph with the canard on shows only some lawer g r a d e  v o r t i c i t y  and s u r f a c e  
s e p a r a t i o n  i n  a d d i t i o n  to the  cana rd - t ip  vo r t i ce s  and  the  shock  f i e ld  f rom the  
loaded   cana rd .   Obv ious ly ,   t he   add i t iona l   v i scous   and  wave drag   of   the   canard  
p rov ides  a drag  increment a t  law l i f t .  A t  h i g h  l i f t ,  however ,   the   greater  
l i f t i n g  area of  the canard and its e f f ec t  i n  improv ing  the  f l aw  ove r  the  wing 
r e su l t s  i n  a s ign i f i can t  d rag  dec remen t .  
L a t e r a l - d i r e c t i o n a l  c h a r a c t e r i s t i c s . -  The b a s i c  s i d e s l i p  d a t a ,  w h i c h  were 
taken  nominally a t  6 = -4O to 100 for t h e   t h r e e   b a s i c   c o n f i g u r a t i o n s ,  were 
very   l inear   and ,   hence ,  are n o t  shown.  These d a t a   c a n   b e   e s s e n t i a l l y   g e n e r a t e d  
from t h e  s i d e s l i p  d e r i v a t i v e s  shown a s  a func t ion  o f  ang le  of a t t a c k  i n  f i g -  
ure 12. Very l i t t l e  d i f f e r e n c e  is s e e n   i n  l a t e r a l  c h a r a c t e r i s t i c s  e x c e p t  t h a t  
the canards  improve the  wing upper -sur face  f law and,   consequent ly ,   improve  l in-  
e a r i t y  i n  e f f e c t i v e  d i h e d r a l .  D i r e c t i o n a l  s t a b i l i t y  is not   seen   to   degrade   wi th  
or without   canards  throughout   he  range  of  l i f t  c o e f f i c i e n t s   t e s t e d .   T h i s  is 
most l i k e l y  t h e  e f f e c t  of t h e  a i r f o i l - l i k e ,  f o r e b o d y  cross sec t ion  advancing  
i n t o   t h e   s u b s o n i c  cross flow much as an a u t o g i r o   b l a d e  would. (See r e f .  16.) 
Experimental  and Theoret ical  Comparisons 
Experimental  and theoretical  comparisons a t  t h e  d e s i g n  Mach number of 1.8 
f o r  the model wi thou t  a canard and w i t h  t h e  f l a t  c a n a r d  are p r e s e n t e d  i n  f i g -  
u r e  13. Zero-lift wave drag  and  drag due to l i f t  were c a l c u l a t e d  by the  method 
of r e f e r e n c e s  11 to  13 for no limit and for a limit of  th ree -qua r t e r s  of a vac- 
uum i n  p r e s s u r e  c o e f f i c i e n t .  V i scous  drag was calculated by t h e  method of ref- 
e rence  17. The c o n f i g u r a t i o n  w i t h  t h e  f l a t  canard  is selected for comparison 
s i n c e  t h e  method of r e f e r e n c e s  1 1  to 13 does no t  ye t  pe rmi t  cons ide ra t ion  o f  a 
cambered  and/or twisted a u x i l i a r y  h o r i z o n t a l  s u r f a c e .  
An e s p e c i a l l y  i n t e r e s t i n g  resu l t  is s e e n  i n  f i g u r e  13 in  the  compar isons  of  
Cm and a p l o t t e d   a g a i n s t  CL f o r   t h e  model wi th   cana rds  and wi thou t   cana rds .  
The t h e o r e t i c a l  c u r v e  f o r  no p r e s s u r e  limit (where pressure could be less than  
vacuum)  does  not   exhibi t  breaks i n  l i n e a r i t y ;  h o w e v e r ,  t h e  t h e o r e t i c a l  c u r v e s  
f o r  l i m i t e d  p r e s s u r e  d o  e x h i b i t  b r e a k s  i n  l i n e a r i t y ,  and  the  exper imenta l  da ta  
do also. The b r e a k s  i n  l i n e a r i t y  are more pronounced   for   theory   than   for  experi- 
ment ,  s ince  the  theory  does  not  account  for any l i f t  induced by the  developnent  
o f  v o r t i c e s  o v e r  t h e  wing t h a t  were p rev ious ly  no ted  and are d e s c r i b e d  i n  r e f -  
e r ence  18. Thus ,   t he   t heo ry   w i thou t   l imi t ed   p re s su re   ( t he   t heo ry   u sed   fo r   t he  
design of  the wing)  produces a s h a p e  w h i c h ,  i n  t h e  v i c i n i t y  o f  a l i f t  c o e f f i -  
c i e n t  o f  0.3, beg ins  to r e q u i r e  p o t e n t i a l - f l a w  p r e s s u r e s  on the  uppe r  su r face  
which are p h y s i c a l l y  i m p o s s i b l e  to  achieve.  When c o n s i d e r a t i o n  is given  analy-  
t i c a l l y  ( r e f .  18)  to t h e   v o r t e x - i n t e r f e r e n c e   l i f t ,  w h i c h   r e p l a c e s   t h e   p o t e n t i a l  
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f l aw  appa ren t ly  no  longe r  poss ib l e  ove r  t he  upper s u r f a c e  of the  conf igu ra -  
t i o n  w i t h o u t  c a n a r d ,  t h e o r y  b e t t e r  r e p r e s e n t s  e x p e r i m e n t  b o t h  q u a l i t a t i v e l y  
a n d  q u a n t i t a t i v e l y .  
R e g a r d i n g   d r a g ,   p r e d i c t i o n s   ( r e f s .  11 to 13)  for the   model   wi thout   canards  
appear to b e   s l i g h t l y   h i g h  (0.00044) n e a r   z e r o   l i f t .  The s t r i k i n g   c h a r a c t e r i s -  
t ic f o r  t h i s  c o n f i g u r a t i o n ,  however, is the  improved  drag-polar  shape  and  the 
s i g n i f i c a n t l y  h i g h e r  e x p e r i m e n t a l  l i f t - d r a g  ra t ios  i n  t h e  r a n g e  o f  optimum l i f t  
c o e f f i c i e n t  C L , ~ ~ ~ .  The  wing  camber shape was des igned   fo r  a l i f t  c o e f f i c i e n t  
of  about  0.07 by a theory which assumes no Seading-edge thrust  a t  t h a t  p o i n t ,  
and   the   exper imenta l  CLbopt occurs a t  0.18, well pas t   ( approx ima te ly  2.5O) 
t h e   d e s i g n   a t t i t u d e   o f  0 ang le   o f   a t t ack .   Consequen t ly ,   t he  upwash m u s t  have 
inc reased  well beyond t h a t  f o r  which t h e  surface was designed  and m u s t  have  pro- 
duced  leading-edge  thrust   (par t icular ly   inboard  where  the  wing  leading  edge is 
blunt  and  where it fol lows the high-sweep port ion of  the leading edge) .  
The a d d i t i o n  o f  t h e  c a n a r d  is seen  to h a v e  s i g n i f i c a n t l y  d e g r a d e d  t h e  l i f t -  
d r a g   r a t i o   n e a r  CLIopt  ( f i g .  13)  , s u g g e s t i n g   t h a t   s u c h  a s u r f a c e  would s i g n i f -  
i c a n t l y  r e d u c e  t h e  upwash and  consequen t  t h rus t  o f  t he  inboa rd  po r t ions  of t h e  
wing  downstream  of   the  canard  t ra i l ing  edge.  The f a c t ,   a s   p r e v i o u s l y   n o t e d ,  
t h a t  a s l i g h t l y  upward d e f l e c t i o n  o f  t h e  c a n a r d  f l a p  (8, = -lo) improved t h e  
experimental  aerodynamic performance while  permit t ing increased upwash  on t h e  
wing leading edge , would f u r t h e r  s u p p o r t  t h i s  v i e w .  
To more d i r e c t l y  e x p l o r e  t h e  e x t e n t  o f  l e a d i n g - e d g e  t h r u s t  o f  t h e  c a n a r d -  
o f f   c o n f i g u r a t i o n ,   t h e   c a l c u l a t i o n s  shown i n   f i g u r e  14 were made. Using  the 
methods of r e f e r e n c e s  11 to  13 and 1 9 ,  t h e o r e t i c a l  a x i a l - f o r c e  c o e f f i c i e n t s  
were c a l c u l a t e d  f o r  b o t h  n o  l e a d i n g - e d g e  t h r u s t  and f u l l  l e a d i n g - e d g e  t h r u s t .  
The expe r imen ta l  va lues  shown were ad jus t ed  by the  sma l l  i nc remen t  i n  d rag  
(0 .00044)  p rev ious ly  no ted ,  so t h a t  t h e  t h e o r e t i c a l  and  experimental   values  
would be c o i n c i d e n t  a t  t h e  l i f t  c o e f f i c i e n t  (0 .07 )  f o r  which  the  wing  camber 
s u r f a c e  was des igned .  The t w o  o i l - f low  photographs   t aken  a t  design  camber a t t i -  
tude  (a = Oo) and a t  a = 4O (CL = 0.28)  a r e   r e p e a t e d   i n   t h i s   f i g u r e  to  show 
the  c l ean  uppe r - su r face  f low and  the  ve ry  nonpo ten t i a l  f l aw ,  r e spec t ive ly ,  fo r  
those  two re levan t   cond i t ions .   Immedia t e ly   appa ren t  is t h e   i n d i c a t i o n   o f   e x p e r i -  
m e n t a l ,   f u l l   e a d i n g - e d g e   t h r u s t   a t   e x p e r i m e n t a l  optimum l i f t  CLfopt .  Also 
apparent  is t h e  r a p i d  loss i n  p e r c e n t  o f  l e a d i n g - e d g e  t h r u s t  as l i f t  is f u r t h e r  
i nc reased  to and  beyond t h e  l i f t  c o e f f i c i e n t  ( 0 . 2 8 )  c o r r e s p o n d i n g  to the  photo-  
g r a p h   ( f i g .  14) showing  subs tan t ia l   upper -sur face   f low  breakdown.  
E v i d e n t l y ,  t h i s  wing planform,  which  has a high upwash r eg ion  o f  i t s  lead-  
ing  edge  inboard  where  the  leading  edge is r e l a t i v e l y  b l u n t ,  c a n ,  i n d e e d ,  
a c h i e v e  s i g n i f i c a n t  l e v e l s  o f  l e a d i n g - e d g e  t h r u s t  a t  s u p e r s o n i c  s p e e d s  where 
more conven t iona l  t h in  wings  wi th  s t r a igh t ,  subs0n i . c  l ead ing  edges  and  h ighes t  
upwash a t  t h e  t i p  canno t   ach ieve   l ead ing -edge   t h rus t .   Th i s   f ac t  would sugges t  
t h a t  p l a n f o r m  s e l e c t i o n  is e x t r e m e l y  i m p o r t a n t ,  a n d ,  f u r t h e r ,  t h a t  u s e  o f   t he  
method  of  reference 19 i n  c o n j u n c t i o n  w i t h  t h a t  o f  r e f e r e n c e s  11 t o  13  should  
permit the  des ign  of  supersonic  wings  in  which  spanwise  d is t r ibu t ion  of  upwash 
or leading-edge  thrus t  might  be r a t i o n a l l y  c o n t r o l l e d  a n d  e x p l o i t e d .  
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OONCLUDING REMARKS 
An e x p l o r a t o r y  i n v e s t i g a t i o n  was made o f  b o t h  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  
s ta t ic  l o n g i t u d i n a l  a n d  l a t e ra l  a e r o d y n a m i c  c h a r a c t e r i s t i c s  o f  a cambered, 
twis ted ,   and   b lended  wing-body concept.  The  wing-body was inves t iga t ed   w i th   and  
w i t h o u t  i n t e g r a l  c a n a r d  s u r f a c e s  d e s i g n e d  t o  suppres s  l ead ing -edge  vo r t i c i ty .  
T h i s  i n v e s t i g a t i o n  was c o n d u c t e d  i n  t h e  L a n g l e y  U n i t a r y  Plan wind t u n n e l  a t  Mach 
numbers  of 1 .5 ,  1.8, and 2.0 and a t  a Reynolds number per meter of 6.56 x 1 06. 
A t  t h e  low l i f t  c o e f f i c i e n t  (CL = 0.07) fo r  wh ich  the  wing camber s u r f a c e  
was designed,   both  oi l - f low  and  vapor-screen  photographs  reveal  l i t t l e ,  i f  any, 
uppe r - su r face  vo r t ex  sepa ra t ion  in  the  ve ry  h igh ly  swept inboard  reg ions  of t h e  
wing  with or wi thou t   t he   cana rd   su r f ace .  Data f o r   t h e   c o n f i g u r a t i o n   w i t h o u t  
canards  show evidence  of  s ign i f icant  amounts  of l e a d i n g - e d g e  t h r u s t  a t  l i f t  coef-  
f i c i e n t s  a t  or below t h e   e x p e r i m e n t a l  optimum l i f t  c o e f f i c i e n t .  Under these  law 
l i f t  condi t ions ,  any  suppress ion  of vo r t ex  d rag  by the  canard  is outweighed 
e i t h e r  by t h e  wave a n d  v i s c o u s  d r a g  c o n t r i b u t i o n  o f  t h a t  s u r f a c e  or by the reduc-  
t i o n  i n  t h e  upwash  which  gave r i se  to l ead ing -edge   t h rus t .  The o v e r a l l  r e s u l t s  
s u g g e s t  t h a t  p l a n f o r m  s e l e c t i o n  is ext remely  impor tan t  and  tha t  the  supplementa l  
a p p l i c a t i o n  o f  new c a l c u l a t i o n  t e c h n i q u e s  s h o u l d  p r o v i d e  a process for t h e  
des ign  of supe r son ic  wings  in  wh ich  spanwise  d i s t r ibu t ion  o f  upwash  and leading-  
edge  th rus t  migh t  be  r a t iona l ly  con t ro l l ed  and e x p l o i t e d .  
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TABLE I . -  INPUT GEOMETRIC CHARACTERISTICS OF WIND-TUNNEL  MODEL IN CENTIMETERS 
(a) Model without canards 
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(a) Aircraft concept. 
Figure 1 . -  Drawings of a ircraf t  concept and wind-tunnel model. 
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(b) Details of wind-tunnel  model.  Dimensions are i n  c e n t i m e t e r s .  











(a) M = 1.5. 
Figure 3.- Longitudinal  aerodynamic characteristics. 
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(a )  Concluded. 
F igu re  3. -  Continued. 
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(b) M = 1.8. 
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Figure  3. -  Continued. 
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( c )  M = 2.0.  
F igu re  3. -  Continued. 
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Figure 4.- Effect on longitudinal aerodynamic characteristics of small 
variations i n  flap deflection of  cambered canard a t  M = 1.8. 
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Figure  4 . -  Concluded. 
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Figure 5.- O i l - f l o w  photographs of configuration without canards at M = 1.8. 
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Figure 6.- Oil-flow photographs of configuration with cambered canards at M = 1.8. 
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Figure  7.- Oil - f low photographs  of  conf igura t ion  wi th  f la t  canards  a t  M = 1.8. 
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(a)  a = 40.  
F i g u r e  8 .- Vapor-screen photographs of c o n f i g u r a t i o n  w i t h o u t  c a n a r d s  
a t  M = 1.8. 
L-79-129 
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x = 10.16 x = 20.32 
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(b) a = 12O. 
Figure 8 .- Concluded. 6 7 9 - 1  30 
x = 10.16 x = 20.32 
x = 30.48 x = 40.64 
x = 50.80 x = 60.96 
(a) c1 = 4O. 
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F i g u r e  9.- Vapor-screen  photographs  of c o n f i g u r a t i o n  w i t h  cambered canards 
a t  M = 1.8 .  
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(b) 01 = 12O. 
F i g u r e  9 .- Concluded. 
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(a)  ~1 = 40.  
F i g u r e  10.- Vapor-screen photographs of c o n f i g u r a t i o n  w i t h  f l a t  c a n a r d s  
a t  M = 1 . 8 .  
L-79-133 
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(b) 01 = 12O. 
Figure 10.- Concluded. 
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a = 4’ 











(a) M = 1.5. 
Figure 12.- Lateral  aerodynamic  characteristics. 
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(b) M = 1 . 8 .  
F i g u r e  1 2  .- Continued. 
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(c) M = 2.0. 
Figure 1 2 . -  Concluded. 
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Figure 13.- Experimental and theoretical comparison of longitudinal aerodynamic 
characteristics of  the configuration at M = 1.8. 
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(b) With f l a t  c a n a r d .  
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Figure 14.- Comparison of experimental and theoretical  values  of axial-force coefficient 
for  the configuration without canards at M = 1.8. 
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